yielding only indicators of the organic composition (e.g., oxygen to carbon ratios, structural groups present). 7, 8 The challenge for models of surface tension relevant to atmospheric particles is predicting surface tension from only indications of composition.
There has been extensive research in the literature relating surfactant properties of molecules to their group composition and structure. Quantitative structure property relationships (QSPR) for surfactants have been employed to relate properties of molecules to pure compound surface tension, the critical micelle concentration, the cloud point, and hydrophilic−lipophilic balance. 9 These correlations use a few key molecular properties such as the Kier and Hall zeroth-order connectivity index, 10 the second-order structural information index, 11 the relative number of oxygen and nitrogen atoms (relevant to the surface activity of amines and related compounds), and the dipole moment. 12 These correlations and others suggest that simple relationships may exist between surface tension and organic compound moieties in atmospheric particles and other applications.
Recently, Wexler and Dutcher 13 used statistical mechanics of multilayer sorption to develop a surface tension model where the surface sorbs a single layer of solute molecules. This model was successful over the full range of concentrations from pure solvent to pure solute, and worked equally well for organics and electrolytes in aqueous solutions. Therefore, the model has important implications for many fields, where surface properties are important over a large concentration range. The goal of the current work is to identify model parameter values for a breadth of solutes, relate them to solute physical properties, and demonstrate a parameter free, fully predictive surface tension model for single solute aqueous solutions. Literature values for surface tension (see Wang et al, 2011 14 for one compendium) and solute molecular properties are used to develop relationships for the parameters in the Wexler and Dutcher surface tension model.
Methods. Wexler and Dutcher 13 employ statistical mechanics to derive an expression that relates solution surface tension to solute activity. An expression for the Gibbs free energy, G ≈ E − TS, was derived, where the energy term includes solute molecular energies in the surface and bulk, and the entropy is found from Boltzmann's formula, S = kLnΩ, and partition functions for surface and bulk. In this framework, the Gibbs dividing surface is implicitly defined by assuming single-layer adsorption is sufficient to describe the surface tension as a function of composition. Evaluating the system in the limit of pure solvent gives the surface tension of the solvent alone, assumed to be water in this work (σ W ). The solution surface tension was found to be
where k is Boltzmann's constant, T is temperature, S W is the surface area occupied by one solvent molecule, and a S is the solute activity. The remaining quantities (r, K, and C) are model parameters, where r is the average number of water molecules each solute molecule displaces from the surface, and K and C are related to the sorption energies. Specifically, K ≡ exp(ε SB /kT) and Pegram and Record 15 developed a thermodynamic analysis that treats individual ionic contributions to surface tension increments (their eqs 1 and 3) for dilute aqueous electrolyte solutions. Separating single ion effects leads to their calculation of ion solute-bulk partitioning and, by addition, electrolyte partition coefficients, denoted as K P . It will be shown in this work that K P strongly correlates with the C parameter in our model, which represents equilibrium partitioning of the solute between surface and bulk. Equation 1 can be solved for pure solute obtaining an expression for C in terms of the pure solvent and solute (σ S ) surface tensions:
which can be used to eliminate one of the three free parameters from eq 1 when pure solute surface tension is known. For liquid solutes, such as many liquid organics, solute surface tension data are widely available. For electrolyte salts, most of which are solid at 298 K, σ S values can be predicted using the method described in Dutcher and co-workers 16 by extrapolating hightemperature molten salt surface tension to 298 K using a slope and intercept based on melting temperature, cation radius, and molar volume.
As shown by Wexler and Dutcher, 13 eq 1 has a limiting case for compounds where partitioning to the surface is strongly preferred, such as alcohols, for which ε SB →−∞ causing K → 0. In this case, eq 1 reduces to
a form of the Szyszkowski equation. 17 If the pure solute and solvent surface tensions are known, parameter K′ can be found by evaluating eq 3 in the limit of a s → 1.
leaving r as the single fit parameter. In this work, solute activity values, a S , in the above equations were calculated from solvent activity or molality data using the solution thermodynamics model of Dutcher and co-workers, 18−20 who extended the monolayer adsorption isotherms of Brunauer−Emmett−Teller (BET), 21 Guggenheim−Anderson−deBoer (GAB), 22−24 and Ally and Braunstein 25 to multiple monolayer formulation. The surface tension model fit parameter values are identified by minimizing the root mean squared error, RMSE = (∑ 1 n P (σ fit − σ data ) 2 /n P ) 1/2 , where n P is the number of data points in the fit. Organics. Surface tension predictions using eq 1 or 3 are shown in Figure 1 for representative aqueous solutions containing water-soluble organic compounds (see Supporting Information for organics not shown in this figure) . In the dilute range, surface tension depression is clearly steeper for surface active compounds that displace more waters from the surface reflected in larger values of the model parameter r. For example, refer to Table 1 , r = 2.58, 3.00, and 4.56 for methanol, ethanol, and isopropanol, respectively, showing an increase in value with the number of methyl groups. Since methyl groups increase molecular volume, it is expected that K′, a function of r through eq 3, depends on solute volume. Figure 2 shows the relationship between K′ and solute molar volume v for simple alcohols with one hydroxyl group (black squares) and glycols with two hydroxyl groups (blue circles). Size dependence is observed for both classes of alcohols because of the competing effects from hydroxyl groups increasing bulk solubility and methyl groups increasing surface preference. A regression following the functional form of eq 4 gives ln(K′ + 1) = 0.067v.
Combining eqs 3 and 4 to eliminate r gives Figure 1 . Surface tension as a function of solute activity for methanol, 1,2 ethanediol (also known as monoethylenge glycol), and 1,3 butanediol. The label "n m " represents the number of adjustable parameters. The lines with two fit parameters are eq 1 (red dashed line, n m = 2); the one-parameter curves are eq 3 (dark yellow dasheddotted line, n m = 1); and the parameter-free line is eq 5 (blue solid line, n m = 0), using the relationship between K′ and alcohol molar volume in Figure 2 . Data information is given in Table 1 . Since K′ is only a function of v, eq 5 is a parameter-free model of surface tension for certain organic solutes as long as the pure solute surface tension and specific volume are known. Figure 1 shows excellent agreement among three treatments: the full model (eq 1) with two fit parameters, the limiting case model (eq 3) with one fit parameter, and the volume-based model (eq 5) with no fit parameters.
Electrolytes. Whereas the surface tension of many surface active organics in aqueous solutions can be modeled by eq 3, the full three parameter model eq 1 is needed for predicting surface tension for electrolyte solutions. In eqs 1 and 2, there are three independent variables among r, K, C, and σ S . A hypothetical value of pure solute surface tension, σ S , at 298 K can be estimated using the methods of Dutcher et al., 16 thereby eliminating a parameter. Fitting r and K with the aqueous electrolyte surface tension data yields values of K similar for nearly all electrolytes addressed here. By treating K as a constant equal to 0.99, r is the only remaining fit parameter. For comparison, the values of K′ for surface active organics are in the range of 30 to 200 since they partition to the surface much more readily than the electrolytes. Equation 2 can be used to replace the remaining parameter, r, with the parameter C. Figure 3 shows the relationship between C and the partitioning coefficients K P of Pegram and Record. 15 An important physical observation from this trend is that the propensity of specific ions to adsorb at the surface is dominated by anions, as shown by the clearly grouped electrolyte species in Figure 3 . Also, a series of anion families emerges in order of most to least surface active, beginning with nitrates, followed by chlorides then sulfates. The regression in Figure 3 
Equation 6 reduces to eq 5 for C = 1. Using K = 0.99 and the regression above for C as a function of K P in eq 6 produces a parameter-free model that is fully predictive. Results of reduction to double parameter (r and K), single parameter 36 for the rest of the solutes. The limiting case fit eq 3, and a single adjustable parameter, r, was used for all compounds except sorbitol, glycerol, and sucrose. For all eq 3 fits, the value of K′ was obtained with eq 4.
b For glycerol, the full form of the model eq 1) was used, with r and K as adjustable parameters.
c For sucrose, the full model (eq 1) was used, with r, K, and σ s as adjustable parameters. A calculated value for C is supplied for both full model eq 1 cases.
d Number of data points, n p , given in listed reference (ref.), with a maximum mole fraction, x max .
e For sorbitol, the pure solute surface tension is not known, so the limiting case eq 3 fit was used with 2 parameters, r and σ s . f Methanol surface tension measurements were taken by the author with a Wilhemy plate method. 15 C values are found using an estimate for σ S from Dutcher et al. 16 and constant K = 0.99, leaving r as the only adjustable parameter. The exponential regression is C = (2.878 × 10 5 )e −14.0K P .
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Representative electrolyte results for surface tension predictions of ammonium aqueous solutions are found in Figure 4 , using the full model with pure electrolyte surface tension predictions from ref 16 (eq 1, n m = 2), further reduced model with K as a constant (eq 1, n m = 1), and finally a parameter-free model based on calculated partitioning coefficients from ref 15 (eq 6, n m = 0). Uncertainty of model parameters decreased through parameter reduction. For NH 4 NO 3 , standard errors for r and K in the two parameter treatment are 0.621 and 0.138, respectively; for the single parameter fit in which K is held at 0.99, the standard error for r is 0.0557, a significant decrease from the two-parameter fit. Similarly, for (NH 4 ) 2 SO 4 , standard errors for r and K are 1.68 and 0.428, and for just r, 0.267. For NH 4 Cl, standard errors for r and K are 3.75 and 1.30, and for just r, 0.24. In general, the RMSE values reported in Tables 1 and 2 Summary. A model of surface tension as a function of solute activities was applied to electrolytes and organic aqueous solutions. Solute concentrations were converted from molalities to activities using the adsorption isotherm model of Dutcher et al. 18−20 Surface tension as a function of activity is given by eq 1 for both organic and electrolyte solutions, and requires three model parameters: r, K, and σ s .
For the organics considered in this study, except glycerol and sucrose, a form of the Szyszkowski equation, 17 eq 3, was used. The Szyszkowski equation, a limiting case of the full model where the solute primarily resides on the surface, requires only two free parameters, K′ and σ s . Since σ s is known for many liquid organics, only a single model parameter, K′, is needed for this limiting case. We showed that a simple relationship between the model parameter K′ and the molar volume v of the pure solute provides reasonably accurate estimates for surface tension as a function of solute activity, given in eq 5.
For binary electrolytes, the full model, eq 1, which requires three parameters, was applied to all electrolyte species represented in this work, including sulfates, nitrates, and chlorides. Estimates of pure solute surface tension, σ S , from Dutcher et al. 16 at 298 K were used to replace that parameter. Next, evaluation of many electrolytes suggested that K could be considered a constant with a value of 0.99 reducing the number of model parameters to one. To obtain a parameter-free model for electrolytes, partitioning coefficient K p from Pegram and Record 15 was compared to our results for C, eliminating the final parameter. The reduced-parameter model for surface tension of binary electrolyte solutions is given in eq 6. . Surface tension as a function of electrolyte activity for ammonium sulfate, ammonium chloride, and ammonium nitrate. For all curves, pure solute surface tension (σ S ) predictions were obtained from ref 16 . The red dashed line is eq 1, using parameters r and K. The dark yellow dash-dot line is also eq 1, keeping K as a constant equal to 0.99 and allowing r to vary. The blue solid lines are parameter free fits with eq 6, where C is from the regression curve from Figure 3 . Shown in the subplot are data points with surface tension curves in the limited ranges up to the solubility limit for each species. Data references are summarized in Table 2 .
The model of Wexler and Dutcher was derived from fundamental statistical mechanics considerations and was shown in that work to accurately represent the surface tension-activity relationship over the full range of concentrations from pure solvent to pure solute. That model had two or three parameters, depending on the nature of the solute. In this work we related these parameters to properties of the solute in aqueous solution to increase the predictive capabilities of the model for compounds with insufficient data. The predictive surface tension models developed here will have important implications for fundamental thermodynamic studies of specific ion attraction or repulsion from the surface 28 and surface forces produced by image charges and ion hydration, 29 as well as in crucial applications ranging from desalination of water 30 to atmospheric aerosol particle dynamics modeling. 
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